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Chemical Bonding and Free Energies

Atoms
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Prospects for superconductivity
under pressure
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Compression of HZO HIGH PRESSURE SPECTRA

Synchrotron Infrared Reflectivity
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A Brave New World of M:

Novel transformations: sol

Structures: unexpected complexity .

Molecules break down, * new ones form

Novel electronic and magnefﬁphe

e New chemical reactions: low

 New recoverable materials

» Earth and Planetary Science

» Condensed Matter Physics

» Chemistry and Materials Science
» Biology and Soft Matter




HIGH-PRESSURE TECHNOLOGY

Plethora of New Instruments




Numerous synchrotron techniques are now
available for extreme conditions studies
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- POLYCRYSTALLINE probes
- RADIAL (ADXD)
- SUB-MICRON
Spectroscopy - Ky EMISSION
) )E(iﬁléz magnetic
) High :
. . L-N2 I heat
Inelastic Scattering Eré)(l:\l_l%l\(lm L He . Eiéeesr?‘rﬂim | pser heating
- NUCLEAR N

Radiography - MICRO

Earth
science

material
science

- MACRO cond(?[?sed
matter |
Infrared Spectroscopy - ABSORPTION physics

- REFLECTIVITY
- EMISSION




EXAMPLES

. Hydrogen
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. New Techniques v under
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. Conclusions mvironments
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* Integration of techniques
» Broad implications




Synchrotron radiation has been key to 1. HYDROGEN
understanding dense hydrogen
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First x-ray structure determination “lonic” charge-transfer state forms
dense hydrogen: hcp to >26.5 GPa at 150 GPa; stable to >300 GPa

[Hemley et al. Nature (1994); Goncharov et al.

M tal. Sci 1988 :
[Mao et al. Science ( ) Proc. Nat. Acad. Sci. (2002)]



1. HYDROGEN
Continuing puzzles of dense hydrogen
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» High pressure structures?
[Goncharov etal, . Bang gap and electronic properties?
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(2007)] » Liquid superconducting/superfluid ground state?




1. HYDROGEN
Direct measurements of the hydrogen band gap
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1. HYDROGEN
Direct measurements of the hydrogen band gap

16— Excitons, Band Gap
14 | Estimated

12f g H, Band Gap
[Loubeyre et al. (2002)]
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Predicted metallic superfluid L RVDIROEER
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Cuench-induced TOP VIEW
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magnetic flux N
quantum \

SIDE VIEW

Diamands
Liquid Metallic Hydrogen
An insertion to produce a multiply connected space Liquid Metallic Hydrogen

» Can we create and
Image these structures?

» Combined P-T-H?



Hydrogen-rich systems under pressure: 1 HYDROGEN
novel metals and superconductors?
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Hydrogen Dominant Metallic Alloyvs: High Temperature Superconductonrs? Si H4
Laboraiory o Aremic ans Solia S |'-'||'::-ujllll:.'::t:u:l'-l.r::l':ul.||'l"!u e, New Bk JEEIT-250N, DA [Degtya’reva et al' Phys' Rev' B (2007)
O Rectived 9 Decermbes 200, pebished f May 2009 Chen et al., PNAS (2008)]
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New far-IR dafa
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Understanding the high-pressure physics of
hydrogen systems is essential for planetary science

Jovian Planet Interiors

stable regions?

bulk abundance of water?

deep onal winds?

///
6300~6800 K/ 25~
0.8 M

nmagnetic dyvnamo?

1

plasma phase transition?

location & extent af
inhoniogeneous region?

metallic hydrogen
(helium rich)

15000~21000 K \gguy

caore: well—defined
or diluted?

[Guillot et al. (2002)] |

Presence of a Jovian cores?
Giant planet formation?

Outer planet interior structures?

Nature of exoplanets (e.g., super Earths)?

Extrasolar Planets
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2. NOVEL METALS

Pressure induced complexity in alkali metals
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Sodium has a remarkable phase diagram
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2. NOVEL METALS
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also, Hanfland et al., to be published] 8 new phases!



Structures and superconductivity 2. NOVEL METALS
In Group VI elements under pressure

L 18 ‘ 3-Po| bco | = metal S— B-Po
SULFUR i beo Se
Te
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Se
[Akahama et al. (1997)]

[Degtyareva et al., Nature Mat, (2005)]
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New findings and phenomena in 2. NOVEL METALS

Iron under pressure
nature

. High P_T polymorphism IHIIINA!IONAL WEEKLY JOURNAL OF SCIENCE
[Boehler (2000); Dubrovinsky et al. (2001); g .
Ma et al. (2004); Price et al. (2005)]

(

Elasticity/plasticity/strength

[Singh et al. (1998); Merkel et al. (2004);
Woortman et al. (1998); Mao et al. (1998)]

e Structure of liquid
[Sanloup et al. (2000); Shen et al. (2004)]

e Magnetic properties e e R
(superconductivity; ferromagnetism) - '
[Shimizu et al. (2001); Steinle-Neumann et al. -

(2002); Mazin and Singh (2002)] U \\
* Pressure-induced reactions P TV

FeH, Fe(Xe), Fe(K)

(Mg,Fe)O, (Mg,Fe)SiO,

[Badding et al. (1991); Caldwell et al. (1997);
Lee et al. (2003), Mao et al. (2004),
Dubrovinsky et al. (2001)] t=7.005E-01 (frame Q) +=7.005E-01 (frame 0}




High P-T spectroscopies of Fe:

Nuclear Resonance inelastic x-ray scattering

\<_nonmagnet|c [Lin et al., Geophys. Res.
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2. NOVEL METALS
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Dynamic compression studies of
metals: first synchrotron measurements

 Time resolved IR reflectivity at U2A (NSLS)
for temperature calibration (to 8 GPa)
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» X-ray diffraction of shock compressed [Gupta et al., to be published]

simple metals to 20 GPa at Sector 16 (APS)

» Polycrystals/fluids?
» Higher P-T conditions?
» Prospects for NSLS 1I?



. . . 3. OXIDES
Novel behavior in oxides under pressure

Highest Temperature
Superconductivity
T.=164 K at 30 GPa

Colossal Enhancements of
Piezoelectricity Predicted

12,000 | | I | | | T | | | T T :
9,000 '
6,000

3,000

Dielectric susceptibility

Predicted in ‘simple’
materials: PbTiO,

[Wu and Cohen, Phys. Rev. Lett. (2005)]

HgBa,Ca,Cu;Oq,

[Gao et al. Phys. Rev. B (1994),

Lokshin et al. Physica (2002)) | ~ 1€st of high T, mechanisms
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Diffuse x-ray scattering is an additional indication
of large dielectric response: PSN

(100) Bragg peak

g B

Carnegie Institution

T-dependence of diffuse scattering
around 100 Bragg peak
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to the diffuse scattering
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Novel pressure-induced magnetic transition
In magnetite: use of complementary techniques

3. OXIDES

16-ID-D for XES
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[Ding et al., Phys. Rev. Lett. (2008)]



Complex materials at the nanoscale: Shock 3. OXIDES
processing, nanomineralogy, textured materials CDACE

. . Infrared spectroscopy of
Two new minerals, high-pressure forms . . . .
of chromite, discovered in shocked microdiamonds in zircon

meteorite & synthesized in DAC
[Chen et al., PNAS (2003)]
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We are exploring only a limited domain of P-T space
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[lchimura, Phys. Reports (1995)]

Theoretical Predictions
UNCHARTED TERRITORY

e Higher pressures
(1 TPa or 10 Mbar) and
temperatures (>1 eV)

e Larger sample
volumes needed (x-ray
Inelastic scattering,
Imaging THz spectra
>100 GPa)

e Further improve
accuracy/precision
and applications of
multiple simultaneous

« Combined
static/dynamic
compression (100
TPa; and >100 eV)




Toward higher pressures: x-ray radiography of
the diamond deformation above 300 GPa

[Hemley, Science, 276, 1242 (1997)]
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Toward higher pressures: x-ray radiography of
the diamond deformation above 300 GPa

[Hemley et al., Science (1997)]
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Toward higher pressures: x-ray radiography of
the diamond deformation above 300 GPa

Finite Element Calculations: First Principles C;'s
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» Nanoprobe diffraction

» 3D imaging for higher pressures
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Extending the P-T range with static
and dynamic compression

* Very large anvils
* Shaping diamond
* Embedded circuits

4 milliorn K
360 gicc

Combined
static/dynamic
compression
» Gigabar
Half-inch single crystal pressures?

[Ho et al. Indus. Diam. Rev. (2006)]



Next generation high-pressure experiments at NSLS li

YV V VY VY V

Inelastic scattering in new P-T domains

Time dependent (<ps-scale) diffraction
Heterogeneous/complex assemblages: nm-diffractior
Interfaces/grain boundaries under pressure
Extending P-T-t



Synergistic
Approach to
High-Pressure
Synchrotron
Research:

HPSynC
APS

HPCAT
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* Energy resolution
e Energy range
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SCIENCE OUTLOOK

1. High pressure: a superb application of synchrotron x-

2.

3.

ray and IR techniques, complementing other methods.
An essential tool for uncovering new physics and
chemistry of materials under extreme conditions.
Numerous problems that span the sciences can now be
addressed for the first time.

. Particularly important are new far-IR developments,

nanodiffraction, and inelastic scattering techniques.
Numerous new high-pressure technique developments
are coming on line to complement the new generation
of synchrotron facilities.

Integrated multi-technique approaches are essential.



Summary: 7echnical Challenges

1. Increasing technology for generating extreme
conditions:
- A new generation of devices
2. Nanobeam capabilities and higher brightness at 10-
20 keV
-2 In situ imaging at ever more extreme conditions
3. Dynamics under extreme conditions
- Exploiting time domain (coherent sources)
- Combined static/dynamic compression
4. Integration with other techniques
- Magnetic and electric fields, photon fluxes, etc.

Carnegie Institution
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